ABSTRACT The purpose of these experiments was to determine whether overdrive suppression of conduction (OSC), i.e., transient worsening of conduction or development of atrioventricular block after cessation of rapid pacing, could be produced in the canine His-Purkinje system damaged by ligation of the anterior septal coronary artery and to investigate the responsible mechanism. We found that OSC occurred in vivo after rapid ventricular and His bundle pacing but not after atrial pacing, and that it occurred in vitro after rapid pacing from the left bundle branch but not after pacing from the proximal His bundle. OSC was related to the duration and cycle length of pacing. Lidocaine increased while verapamil reduced the duration of OSC in vivo. The mechanism responsible for the unidirectionality of OSC is not clear but is probably related to the geometry of the atrioventricular junction and the anterograde versus the retrograde activation sequence. Changes in regional myocardial blood flow, autonomic tone, hemodynamic variables, or ventricular function do not appear to be required to produce OSC, based on the demonstration of the phenomenon in vitro. The data suggest a time-and rate-dependent change in factors affecting conduction such as excitability or cell-to-cell coupling, possibly due to accumulation of intracellular cations such as calcium. Circulation 70, No. 3, 495-505, 1984. TRANSIENT worsening of atrioventricular conduction or development of block after cessation of rapid ventricular pacing has been noted by Langendorf and Pick' in one patient. Runge and Narula2 noted six similar cases and referred to this block as "fatigue phenomenon" in the His-Purkinje system. Atrial pacing also induced the "fatigue phenomenon," but was less effective than ventricular pacing. The duration and degree of atrioventricular block after cessation of ventricular pacing in these patients were related to the rate and duration of pacing, as also shown in a case report In a series of animal studies designed to investigate the pathophysiology of atrioventricular block after occlusion of the anterior septal artery,4' El-Sherif et al.6
TRANSIENT worsening of atrioventricular conduction or development of block after cessation of rapid ventricular pacing has been noted by Langendorf and Pick' in one patient. Runge and Narula2 noted six similar cases and referred to this block as "fatigue phenomenon" in the His-Purkinje system. Atrial pacing also induced the "fatigue phenomenon," but was less effective than ventricular pacing. The duration and degree of atrioventricular block after cessation of ventricular pacing in these patients were related to the rate and duration of pacing, as also shown in a case report by Wald and Waxman.3 In all instances of atrioventricular block, patients exhibited impaired His-Purkinje conduction before pacing, demonstrated by a prolonged HV interval and/or the spontaneous occurrence of type II atrioventricular block.
In a series of animal studies designed to investigate the pathophysiology of atrioventricular block after occlusion of the anterior septal artery,4' El-Sherif et al. 6 noted that rapid ventricular pacing but not rapid atrial pacing could induce paroxysmal atrioventricular block. They explained this observation on the basis of a fatigue phenomenon that resulted from repetitive depolarization of Purkinje cells in the lesion but did not pursue the mechanism further.
Since the electrophysiologic mechanisms responsible for transient atrioventricular block after rapid pacing are not known, we will here refer to this phenomenon with the descriptive term "overdrive suppression of conduction" (OSC). The purpose of the present experiments was to investigate the time-and rate-dependent effects of anterograde and retrograde conduction on overdrive suppression of His-Purkinje conduction in the canine His-Purkinje system damaged by ligation of the anterior septal coronary artery. We also investigated the mechanism responsible for the block by determining the effects of verapamil, lidocaine, and isoproterenol infusion on OSC and by analysis in vitro of transmembrane recordings obtained from the damaged tissue.
The three drugs used were selected for several reasons. First, if phase 4 depolarization played a role in the genesis of the block, lidocaine or verapamil might improve conduction if the drug suppressed spontaneous discharges mediated by the fast or slow channel, respectively. Isoproterenol might impair conduction by increasing the degree of automaticity. Second, these drugs are known to affect conduction in ischemic tissue: lidocaine adversely7 and verapamil beneficially.8. 9 Isoproterenol could improve conduction in partially depolarized tissue by restoring a more normal resting membrane potential.
Methods
Studies in vivo. Forty-eight mongrel dogs weighing 17 to 24 kg were anesthetized with intravenous secobarbital (25 mglkg) . The dogs were ventilated via a cuffed endotracheal tube with a volume-cycled respirator. Arterial Pco2, pH, and Po, were monitored throughout the experiment and were adjusted by varying the tidal volume or respiratory rate to maintain them within physiologic ranges.
The left femoral vein of each dog was cannulated to allow infusion of normal saline (to replace spontaneous fluid losses) and to administer drugs. A heparinized saline-filled cannula was placed in the left femoral artery and connected to a transducer to monitor arterial blood pressure. A thoracotomy was made through the fourth left intercostal space, the pericardium was opened, and the anterior septal artery was exposed by dissection near the origin of the left anterior descending coronary artery. A loose ligature was placed around the anterior septal artery so that it could be occluded after control measurements were taken. Following this, a median sternotomy was performed and the heart was supported by suturing the pericardium to the edges of the wound. The thoracotomy provided exposure for dissection of the anterior septal artery and the sternotomy facilitated placement of the His bundle recording electrode. Body temperature was kept normal by covering the open chest with a plastic sheet and varying the proximity of an overhead light. An electrode catheter (No. 5F) was inserted into the left carotid artery and passed to the noncoronary cusp of the aortic root to record His bundle activation. Additionally, a pair of plunge electrodes (0.003 inches in diameter) was placed in the His bundle to record the His potential. ' 1 In five dogs we demonstrated the phenomenon of OSC after anterior septal arterial occlusion without impaling the His bundle, establishing that the impalement was not a factor in its development. However, because His bundle activation often became unrecordable with the catheter electrode after occlusion of the anterior septal artery, plunge electrodes were used in the remaining experiments. Other pairs of plunge electrodes inserted in the right atrial appendage and anterior free wall of the left ventricle were connected to a programmable stimulator that delivered rectangular pulses of 1.5 msec duration through an isolator at twice diastolic threshold.
The His bundle and right atrial electrograms and lead I1 of the scaler electrocardiogram were recorded on a photographic recorder at paper speeds of 25 to 200 mmlsec, with filter frequencies of 40 to 500, 40 to 500, and 1.2 to 20 Hz, respectively.
After control recordings were obtained, the anterior septal artery was ligated and an initial 30 min period of spontaneous ventricular arrhythmia was allowed to subside. Thereafter, ventricular pacing at cycle lengths of 250 to 300 msec was used every 15 min to determine whether OSC occurred. In those dogs that developed OSC, the phenomenon rarely occurred earlier than 90 min after occlusion, suggesting that a certain degree of damage was required for its production. Suppression of conduction remained stable during each testing period or the data were discarded. However, as the duration of the occlusion increased, 16 dogs developed advanced or complete atrioventricular block in the His-Purkinje system and the study was terminated.
Protocol. OSC is defined as transient worsening of conduction or development of block after cessation of rapid pacing. The duration of OSC was measured in the two following ways: (1) from the time from the last pacing spike to the first spontaneous sinus-initiated P wave that conducted to the ventricle and (2) from the time from the last pacing spike to the subsequent return to the prestimulation rhythm. To replicate clinical studies,1-' we did not control the sinus rhythm. We anticipated some variability in the interval from the last pacing spike to the first spontaneous sinus-initiated P wave. This might occur if overdrive suppression of sinus discharge resulted after rapid atrial pacing. but did not after rapid ventricular pacing because ventriculoatrial block prevented retrograde atrial capture. Similarly, different autonomic responses during atrial vs ventricular pacing might exert differential effects on sinus discharge rate. However, there was no statistically significant difference between the intervals from the last pacing spike to the first sinus P wave after cessation of atrial pacing compared with after cessation of ventricular pacing or in the cycle length of the subsequent sinus rhythm. This was probably in part due to the fact that most dogs had fairly rapid sinus rates owing to high sympathetic and/or decreased vagal tone, and that the atrial pacing cycle length generally was within 100 msec of the spontaneous sinus cycle length.
Effects of alteration of duration of pacing at a constant cycle length. In eight dogs ventricular pacing was maintained for 30. 60, and 120 sec at constant cycle lengths 10 to 30 msec shorter than those of the spontaneous A-A interval. The atria were allowed to discharge spontaneously during ventricular pacing and after cessation of atrial or ventricular pacing. If overdrive suppression of atrioventricular conduction during spontaneous sinus rhythm did not occur when ventricular pacing was stopped, the ventricular pacing cycle length was shortened by 30 msec until OSC resulted. Pacing cycle lengths ranged from 350 to 270 msec and were kept constant throughout the period of testing. The atria then were paced at the same cycle length and for the same duration and the presence or absence of OSC was determined.
Effects of alteration ofpacing cycle length at afixed duration of pacing. The effect of alteration of pacing cycle length on the degree of OSC was also examined in eight dogs. Pacing cycle lengths tested were 370 to 350, 340 to 320, an 290 msec for a fixed duration of 30, 60, or 120 sec. The same cycle length and duration of pacing were used to compare the effects of atrial and ventricular pacing on the development of OSC.
When testing the effects of duration of pacing or of pacing cycle length, a 2 to 5 min interval was allowed between test periods to allow return to control conditions. The prepacing rhythm was always established or the data were discarded.
Effects of His bundle and atrioventricular sequential pacing.
The effect of His bundle pacing for 60 sec on OSC was examined in two dogs with the plunge wire that recorded the His potential. During pacing from the His bundle, the stimulus-QRS interval equaled the HV interval and the QRS complex was identical to the normally conducted beat. To preserve sequential atrioventricular contraction during ventricular pacing and thus maintain synchronous atrial contribution to ventricular filling, the effect of sequential atrioventricular pacing was studied in three dogs. The interval between the atrial and ventricular stimuli was 60 msec, which did not allow antegrade conduction to the His bundle.
Effects of lidocaine. verapamil, and isoproterenol. The ef-CIRCULATIONfects of lidocaine (2 mg/kg iv), verapamil (0. 1 mg/kg iv), and isoproterenol (0.05 gg/kg/min iv) on OSC after pacing were examined. After control measurement of the extent of suppression of conduction, one of the drugs was injected intravenously and 5 min later the ventricle was paced at the same cycle length and for the same duration. Because verapamil slowed spontaneous sinus nodal discharge rate in six of eight dogs, the effect of ventricular pacing on OSC was determined during simultaneous atrial pacing at the preverapamil rate of sinus discharge.
Myocardial blood flow. We considered the possibility that OSC occurred after ventricular pacing but not atrial pacing (see Results) because ventricular pacing decreased cardiac output, thereby increasing ischemia in the His-Purkinje system. To determine whether ventricular pacing reduced myocardial blood flow more than did atrial pacing, regional myocardial blood flow after occlusion of the anterior septal artery was determined by use of radiolabeled microspheres in eight dogs."l 12 Fortyfive seconds before the injection of 0.01 mCi of an ultrasonically mixed species of microspheres (New England Nuclear), withdrawal of a heparinized reference blood sample (2.06 ml/min, Harvard pump) was begun from both femoral and brachial arteries and was continued for 2 min after injection. Microspheres (15 gum in diameter suspended in 10% dextran) were injected into the left atrium and flushed with 10 ml of 0.9% saline over 5 to 10 sec. Six different labels (57Co, 51Cr, 113Sn, 103Ru, 95Nb, 46Sc) of isotopes were available, and we randomly selected three for use in each experiment. Flows were determined 60 sec after atrial or ventricular pacing at the same cycle length and duration of pacing. In all dogs 1:1 atrioventricular conduction was present during atrial pacing. At the end of the experiment hearts were fibrillated, removed from the chest, and washed. The hearts were sliced and placed in a solution of nitro blue tetrazolium at 370 C. The end point for staining was reached when the normal myocardium was stained a deep blue color. Tissue rings were placed in 2% formalin overnight. After fixation the tissue rings were rinsed, separated into infarcted (central core from unstained region) and noninfarcted (stained) pieces and pieces from the region of the His bundle, weighed, and placed in plastic tubes. The His bundle region was identified by previously established techniques'3 and was usually found in the border zone between noninfarcted and infarcted myocardium. Tissue, blood, and rinse samples, along with pure reference isotope standards for each of the three isotopes used, were assayed by standard techniques."' 2 Each sample was counted for 500 sec in a multichannel HP scintillation counter. Myocardial perfusion was calculated with the formula BFm = Cm x 100 BFr/ Cr, in which BFm = myocardial blood flow (ml/min x 100 g); Cm = counts/g of myocardium; BFr = reference blood flow (the rate of withdrawal from the reference artery); Cr = the total counts in the reference blood." ' 12 Studies in vitro. To record transmembrane potentials from these preparations, sections of interventricular septum containing the atrioventricular nodal region, bundle of His, and the proximal portions of the left and right bundle branches (approximately 2 to 3 mm thick) were removed'3 from 11 dogs that had undergone occlusion of the anterior septal artery for at least 90 min. It is likely that at least the first three layers of cells were superfused adequately, based on the similarity of action potential characteristics in these layers. Seven of these dogs demonstrated OSC in vivo and four did not. The latter preparations had visible infarcts that were small, nontransmural, and remote from the His bundle area, whereas infarctions in the former group were usually transseptal and involved the distal half of the His bundle and 10 to 20 mm of the proximal bundle branches. Septal preparations obtained from two dogs that had not undergone anterior septal arterial ligation also were studied.
The preparations were pinned to the floor of a Lucite tissue bath and superfused with oxygenated (95% 02, 5% CO2) Tyrode's solution maintained at 370 C, pH 7.4. The composition of the Tyrode's solution (in mM) was: MgCl 0.5, NaH2PO4 0.9, CaCl2 2.0, NaCl 137.0, NaHCO3 12.0, KCI 4.0, glucose 5.0. The preparations were driven at basic cycle lengths of 200 to 1000 msec with rectangular pulses of 2.0 msec duration delivered via bipolar Teflon-coated electrodes at an intensity of 1.5 to 2.0 times diastolic threshold. Transmembrane potentials were recorded with glass microelectrodes filled with 3M KCl (direct-current resistance 10 to 30 MQ) that were coupled to silver-silver chloride wires leading to high-impedance, capacitance-neutralizing amplifiers (models M707 and M701; W-P Instruments, Inc.). The recordings were displayed on a memory oscilloscope (Tektronix 5115) and photographed with a Polaroid camera (C-59). Action potentials were recorded from visibly normal and infarcted areas of the right and left bundle branches and the bundle of His. Pacing stimuli were delivered to the distal left bundle branch (LBB) to simulate ventricular pacing in vivo and to the proximal portion of the bundle of His, proximal to the infarct, to simulate atrial and His bundle pacing in vivo. Neither of these sites was in infarcted tissue. After 60 min of equilibration at pacing cycle lengths of 500 to 700 msec, we determined the shortest paced cycle length producing 1:1 conduction from the His bundle to both bundle branches and from the LBB to the His bundle and the right bundle branch.
To duplicate OSC after ventricular pacing in vivo, the LBB was paced for 30 to 120 sec at a cycle length equal to or longer (by less than 100 msec) than the shortest cycle length producing 1:1 retrograde conduction. Immediately after cessation of LBB pacing, the His bundle was paced at a cycle length that produced 1:1 conduction before bundle branch pacing and the degree of conduction block from the His bundle to the bundle branches (i.e., OSC) was determined. To duplicate the attempt at suppression of conduction after atrial pacing in vivo, the His bundle was paced for 30 to 120 sec at a cycle length equal to or longer (by less than 100 msec) than the shortest cycle length producing 1:1 antegrade conduction. Immediately after rapid His bundle pacing, the His bundle was paced at a slower cycle length and the degree of conduction block between His bundle and LBB was assessed. Finally, the presence of retrograde OSC (which was not tested for in vivo) was determined by rapid stimulation of the His bundle, followed by LBB pacing. The presence of block between the stimulated LBB and the His bundle was determined.
Statistical analysis. All data are mean + SEM. For each set of experiments, an overall anaysis of variance was performed to determine if at least one measurement was different. Linear contrasts adjusted for multiple comparisons were used to identify differences. ' figure 4 .
In the experiments shown in figures 1 to 4, the ventricular rate was slower during atrial pacing than during ventricular pacing because 1:1 atrioventricular conduction did not occur during the former. The rate of His activation was the same since block during atrial pacing occurred distal to the His bundle. However, in nine additional dogs rates of atrial pacing that produced 1:1 atrioventricular conduction could be compared with identical ventricular rates. Figure 5 pacing from the His bundle it was 9.0 sec in one dog and 12.0 sec in the other. After atrial pacing at the same rate and duration of pacing, the time to the first conducted P wave was 0.46 sec and the time to return to the prepacing rhythm was 0.40 sec.
In three dogs subjected to atrioventricular sequential pacing the times to the first conducted P wave after stopping atrial, atrioventricular sequential, and ventricular pacing at identical rates and durations were 0.46, 0.45, and 0.47 sec, respectively. However, the times to return of the prepacing rhythm after termination of atrial, atrioventricular sequential, and ventricular pacing was 0.46, 2.4, and 3.6 sec, respectively.
Lidocaine. As shown in table 1, lidocaine increased the degree of OSC after cessation of ventricular pacing. Lidocaine also prolonged the HV interval during spontaneous sinus rhythm from 60 to 68 msec, but caused no change in sinus rate or systemic arterial blood pressure.
Verapamil. Verapamil reduced the degree of OSC after cessation of ventricular pacing (table 1) and slowed the spontaneous sinus rate, but did not change systemic arterial blood pressure.
Isoproterenol. The effect of isoproterenol on the degree of overdrive suppression was inconsistent. Sinus rate during isoproterenol infusion was faster than that at control and this may have increased the degree of OSC in some dogs. However, isoproterenol appeared to cause no significant change in the degree of OSC overall after cessation of ventricular pacing (table 1) .
Myocardial blood flow ( (p < .01, Kruskal-Wallis analysis of variance), but the myocardial blood flow in the two ischemic zones did not differ. Studies in vitro. OSC from the bundle of His to the right and left bundle branches after cessation of LBB pacing was observed in five of the seven preparations obtained from dogs that had demonstrated OSC after ventricular pacing in vivo. The phenomenon remained stable for approximately 5 hr, although there was a tendency toward improved conduction as the time of superfusion increased. The remaining two preparations had complete conduction block from the His bundle to the bundle branches and were discarded. OSC from the His bundle to the LBB or from the LBB to the His bundle after rapid His bundle pacing was not observed in any of the preparations. In addition, no overdrive suppression was observed in the preparations obtained from dogs that did not demonstrate OSC in vivo or from the noninfarcted dogs. Figure 9 illustrates a typical example of OSC. In figure 9 , A, stimulation of the proximal His bundle above the infarct at a cycle length of 350 msec resulted in 1:1 conduction from the proximal to distal His bundle and to the LBB. The proximal His bundle and LBB recording sites were located near the border of the infarcted zone, whereas the distal His bundle site was within the infarcted zone. Stimulation of the LBB at a cycle length of 250 msec (panel B, left) produced 1:1 conduction from the LBB to the distal and proximal figure 9 occurred in three other preparations.
In agreement with the results obtained in vivo, the duration of OSC increased as the duration and rate of pacing increased. A representative example is shown in figure 10 . However, at very short LBB pacing cycle lengths, retrograde block occurred in the His bundle. Under these circumstances, the degree of OSC from the His bundle to the bundle branches was reduced. For example, figure 1 1 illustrates that pacing the LBB of the same preparation shown in figure 9 at a cycle length of 240 msec produced 3:2 block between the LBB and the His bundle ( figure 11, A) . If His bundle pacing was begun after a LBB action potential that did not activate the His bundle (panel B, arrow), the degree of overdrive suppression of conduction was less than that seen in figure 9.
Discussion
The major findings from this study are that OSC can be produced in the canine vivo between atrial and ventricular pacing were not of sufficient magnitude to be discerned by a radiolabeled microsphere technique. Very rapid ventricular pacing, which would be expected to produce an important amount of ischemia, did not result in OSC, presumably because of entrance block into the damaged area (figure 7) . In addition, atrioventricular sequential pacing, differing from atrial pacing only in that the resulting PR interval was shorter and the ventricle was activated by a pacing stimulus, preserved normal hemodynamics and atrioventricular contraction yet still produced OSC. Ventricular pacing has been shown to be more effective than atrial pacing in producing overdrive suppression in humans as well. 2 These observations suggest that the activation pattern of the His bundle retrogradely from the ventricle or by direct stimulation facilitates the development of OSC. One-to-one ventriculoatrial conduction occurred at cycle lengths shorter than those resulting in atrioventricular block (figures 3 and 5). The observations in vitro support this contention, since it was possible to drive the His bundle cells at shorter cycle lengths by pacing the LBB than by pacing the His bundle directly, even with high-intensity stimulation. The inability to stimulate the His bundle directly at very short cycle lengths limited the maximal extent of conduction delay from the His bundle to the bundle branches. As a result, switching from His bundle to LBB pacing did not impinge on the refractory period of the bundle branches, despite the longer duration of LBB action potentials. In contrast, LBB pacing at rapid rates produced marked delay of His bundle activation. Switching from LBB to His bundle pacing resulted in the stimulus being delivered to the His bundle during the absolute refractory period and OSC ensued.
The first site within the His bundle to demonstrate an active response after OSC frequently was not the site closest to the stimulating electrode ( figure 9 ). In addition, production of an action potential at one His bundle recording site was not necessarily associated with impulse propagation throughout the His bundle into the bundle branches (figure 9). These phenomena are similar to those described in studies of moderately depressed or normal myocardium located distal to regions of more severely depressed myocardium.2021 Current pulses of insufficient intensity to bring the severely depressed region to threshold may be transferred electrotonically to the less depressed region, where they are capable of eliciting an active response that propagates anterogradely and retrogradely. With higher intensity stimulation, active responses may be elicited in severely depressed myocardium near the stimulation site, yet these low-amplitude action potentials block before reaching the moderately depressed or normal region. It is likely that the normal disparity in conduction properties between the proximal His bundle and the more rapidly conducting distal His-Purkinje system22 were exacerbated by ischemia-induced depolarization, yielding a preparation not unlike that used in the studies cited above. However, detailed studies of activation patterns were not possible in our preparations and the exact relationship between our findings and those of others is uncertain.
The electrophysiologic mechanism responsible for OSC cannot be determined precisely from our results. The demonstration in vitro of overdrive suppression supports the conclusion that changes in regional myocardial blood flow, autonomic tone, hemodynamic variables, or ventricular function are not required to produce OSC in vivo. The data are consistent with an electrophysiologic mechanism dependent on the rate and duration of overdrive pacing, which suggests both time-dependent and rate-dependent changes in conduction properties. It is possible that faster pacing rates or longer durations of pacing produced accumulation of intracellular sodium and calcium23 24 or extracellular potassium.`Reduction of transmembrane concentration gradients for sodium or calcium or a decrease in cell-to-cell coupling secondary to intracellular calcium accumulation may have reduced the excitability of these already depressed cells.
After OSC, stimuli delivered to the His bundle elicited a series of subthreshold responses that preceded the resumption of propagated active responses. In some cases, the amplitude of the subthreshold responses progressively increased with each succeeding stimulus, whereas in other cases the amplitude of the subthreshold responses first increased, then decreased, and then increased again until threshold was attained (figure 9). The biphasic or continual growth of subthreshold responses after OSC was similar to that reported in experimental studies of depolarized Purkinje fibers and myocardium in which the pattern of subthreshold responses depended on the degree of depolarization and the external ionic environment. 26 27 It has been suggested that depression of excitability in these preparations results from calcium overload during rapid pacing. After the last action potential of a train of rapidly paced beats, the amplitude of subthreshold responses increased during diastole, possibly as a result of activation of a pacemaker current, since lidocaine and cesium prevent the time-dependent increase in amplitude of the subthreshold response.?8
If the above scheme is correct, verapamil might be expected to lessen the degree of OSC by preventing calcium overload and attendant changes in excitability and intercellular resistance,29 whereas lidocaine should increase the time to the first propagated response by inhibiting the growth of subthreshold response amplitude.28 Verapamil and D600 may also increase the dV/ dt of depressed action potentials8 and may improve conduction in ischemic myocardium.9 The stimulatory effects of isoproterenol on pacemaker current30 and therefore on the amplitude of the subthreshold responses may be offset by an increase in calcium influx via slow channels3' 32 and depressed excitability or increased intercellular resistance. The net effect of isoproterenol showed a trend toward improvement in conduction in vivo but the changes were not statistically significant. However, there are many alternative explanations for the action of these drugs, particularly since they may affect several electrophysiologic events directly or indirectly, e.g., they may alter the degree of ischemia, and their precise mechanisms under the conditions of His bundle infarction requires further study.
